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Edited by Masayuki MiyasakaAbstract Close relationships have been demonstrated between
adipose tissue and the inﬂammatory/immune system. Further-
more, obesity is increasingly considered as a state of chronic
inﬂammation. Cytoﬂuorometric analysis reveals the presence of
signiﬁcant levels of lymphocytes in the stroma-vascular fraction
of white adipose tissues. In epididymal (EPI) fat, lymphocytes
display an ‘‘ancestral’’ immune system phenotype (up to 70%
of natural killer (NK), cd+ T and NKT cells among all lympho-
cytes) whereas the inguinal (ING) immune system presents more
adaptive characteristics (high levels of ab+ T and B cells). The
percentage of NK cells in EPI fat was decreased in obese mice
fed with a high-fat diet, whereas cd positive cells were signiﬁ-
cantly increased in ING fat. These data support the notion that
adipose tissue may elaborate immunological mechanisms to reg-
ulate its functions which might be altered in obesity.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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There is increasing evidence demonstrating a close link be-
tween adipose tissue and inﬂammation/immunity [1]. Firstly,
a strong anatomical relationship exists between adipose and
lymphoid tissues [2,3]. Secondly, adipose cells secrete inﬂam-
matory cytokines (tumor necrosis factor (TNF), interleukin
(IL)-6) and other adipokines can act as inﬂammatory cyto-
kines (i.e., leptin) [1,2,4]. Thirdly, adipose lineage cells display
macrophage properties including phagocytic and microbicidal
activities [5–7]. Lastly, inﬂammation is enhanced in obesity
[8–10]. Indeed, the number of adipose tissue macrophages in-
crease in obesity and they participate in inﬂammatory path-Abbreviations: BSA, bovine serum albumin; CD, cluster of diﬀerenti-
ation; EPI, epididymal; FACS, ﬂuorescence-activated cell sorter; FCS,
fetal calf serum; FITC, ﬂuorescein; HF, high-fat; IL, interleukin; ING,
inguinal; MHC, major histocompatibility complex; NK, natural killer;
PBS, phosphate buﬀer saline; PE, phycoerythrin; SVF, stroma-vascu-
lar fraction; TNF, tumor necrosis factor
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individuals [8,9]. On the other hand, leukocytes are thought
to play a role in preventing excess body fat deposition since
mice deﬁcient in leukocyte adhesion receptors develop sponta-
neous obesity [11].
Except during inﬂammatory processes, lymphocytes are not
usually found within non-speciﬁc immune organs apart from
epithelial tissues, where they are involved in maintaining tissue
integrity, defending against pathogens and regulating inﬂam-
mation [12–17]. In these tissues, cd T cells are often the major
T-cell population and some of them contain numerous anti-
tumoral natural killer (NK) cells [17–20]. Surprisingly, to the
best of our knowledge there is only one report concerning lym-
phoid cells in adipose tissue [21], but their phenotypes are not
described. By contrast, Pond [2] have carefully studied the lym-
phocyte populations of ganglia close to adipose tissues.
The aims of this work were (1) to investigate the presence of
resident lymphocytes in mouse adipose tissue and to determine
their phenotype, (2) to deﬁne the putative phenotype changes
during obesity induced by a high-fat (HF) diet.2. Materials and methods
2.1. Animals
Forty-eight C57BL/6N male mice were obtained from Harlan (Gan-
nat, France) at 5 weeks old. Five mice were kept per cage in a con-
trolled environment (12 h light/dark cycle at 21 C) with free access
to water and food. Food was provided by UAR (Villemoisson sur
Orge, France). Ordinary rodent chow diet consisted of 21% protein,
67% carbohydrate and 12% fat. The HF diet rich in saturated fatty
acids consisted of 21% protein, 37% carbohydrate and 36% fat. A ﬁrst
set of experiment was done on 18 control mice, fed ordinary diet for 1–
2 weeks. In a second part, 27 mice were randomly divided into two
groups: during 12 weeks, 9 mice received normal diet (lean males)
and 18 mice were fed a HF diet (HF males).
2.2. Tissue dissection and preparation of stroma-vascular fraction
Mice were killed by cervical dislocation under CO2 anesthesia.
Blood samples were either immediately drawn and centrifuged at
2000 · g for 15 min for serum isolation or analyzed by cytoﬂuorometry
as described below. White adipose pads (subcutaneous inguinal (ING)
and deep epididymal (EPI)) were dissected and processed for analysis
as described below. The organs of three mice were systematically
pooled. Lymph nodes (LNs) were carefully removed from ING adi-
pose tissue and used for further analysis. As described previously [6],
adipose tissues were digested in phosphate buﬀer saline (PBS) contain-
ing 2% bovine serum albumin (BSA) and 2 mg/ml collagenase (type II
collagenase, Sigma–Aldrich, St. Quentin Fallavier, France) for 30 min
at 37 C. Digested tissues were ﬁltered through a 25 lm nylonblished by Elsevier B.V. All rights reserved.
Fig. 1. Cytoﬂuorometric analysis of diﬀerent cell populations according to cell size (SSC-H) and granularity (FSC-H) criteria. (A) Cell proﬁles for
LN, EPI and ING adipose tissues. The line delimits the lymphocyte gate (R1) taken into account in further analyses. (B) Box plots corresponding to
the percentages of cells found in R1 (n = 6, \\ P < 0.02).
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adipose tissues contained a heterogeneous cell population called stro-
ma-vascular fraction (SVF). Cells were washed in PBS-5% FCS (fetal
calf serum, Invitrogen, Cergy-Pontoise, France). Digested LNs were
passed twice through a needle (0.8 mm) before washing. Isolated
LNs and cells forming SVF were suspended in PBS. Red cells were
lysed in a buﬀer containing 155 mM ammonium chloride, 20 mM Tris,
pH 7.6, for 5 min. Cells were then centrifuged (600 · g for 10 min) and
re-suspended in PBS before counting on a Coulter counter (Beckman-
Coulter, Roissy, France).2.3. Cytoﬂuorometric analysis
Fluorescein (FITC)-conjugated anti-cluster of diﬀerentiation 3
(CD3), -CD4, -TCR-b, and phycoerythrin (PE)-conjugated, -TCR-cd,
-NK1.1 monoclonal antibodies were purchased from Becton Dickinson
(LePont-de-Claix, France). PE-conjugated anti-CD19monoclonal anti-
body was obtained from Immunotech (Marseille, France), FITC-major
histocompatibility complex (MHC) class II from Southern Biotech (Bir-
mingham,USA) and tri-color-conjugated anti-CD8-amonoclonal anti-
body from Caltag-Tebu (Le Perray en Yvelines, France). Anti-CD19
and -MHCclass II antibodieswere combinedwithB-phenotype lympho-
cytes. As T-cell markers, we used anti-CD3, -TCR-b, -TCR-cd, -CD4
(usually speciﬁc for helper T lymphocytes) and -CD8 (usually speciﬁc
for cytotoxic T lymphocytes) antibodies. NK1.1 (NKR-P1C or
CD161c) is expressed on all murine NK cells. The combination of
PE-conjugated anti-NK1.1 and FITC-conjugated anti-CD3 allowed us
to diﬀerentiate three cell populations: NK1.1CD3+ T cells,
NK1.1+CD3NK cells and NK1.1+CD3+NKT cells.
Staining of lymphocytes was performed as previously described [22].
Brieﬂy, 100 000–200 000 cells were stained in PBS-5% mouse serum
and incubated with conjugated anti-mouse monoclonal antibodies
for 20 min at room temperature in the dark. Cells were washed inPBS and then analyzed on a ﬂuorescence-activated cell sorter (FACS)
(FacsCalibur, Becton Dickinson Biosciences). Subpopulations and to-
tal lymphocytes were identiﬁed by appropriate marker combinations
and light scatter properties. Data acquisition and analysis were per-
formed with Cell Quest software (Becton Dickinson).
2.4. Immunohistochemical analysis
For immunohistological analysis on frozen sections, white adipose
pads were removed, frozen on dry ice and maintained at 80 C until
sectioned at 10 lm. For other immunocytological analyses, isolated
white SVF or LN cells were concentrated on slides by cytospin method.
All slides were ﬁxed for 20 min at20 C in acetone. Immuno-labelling
was performed using in ﬁrst antibodies: polyclonal goat anti-mouse
CD3-e (M-20) (SantaCruz Biotechnology, Santa Cruz, USA) diluted
1/100 or monoclonal rat anti-CD19 (BD Pharmingen) diluted 1/50 anti-
bodies. To see CD3 positive cells on tissue sections, secondary antibody
peroxidase-conjugated rabbit anti-goat antibody diluted 1/500 (Jackson
immunoresearch, Baltimore, USA) and DAB (Dako, Glostrup, Den-
mark) were used. For cytospins, ABC immunohistochemical staining
was used: secondary antibodies were: biotin-conjugated donkey
anti-goat or anti-rat (Jackson immunoresearch) diluted 1/500. After
incubation with peroxidase-streptavidin diluted 1/2000 (Jackson immu-
noresearch), the lymphocytes markers were visualized with DAB
(Dako). In all cases, slides were counterstained with hematoxylin.
Endogenous peroxidase activity was inhibited by hydrogen peroxide
blocking reagent (Dako) before labelling. Control experiments were
performed using puriﬁed rat or goat IgG and yielded no staining.
2.5. Statistical analysis
Box plots were constructed with Systat software (8.0 for Windows).
All statistical analysis was performed with a non-parametric test
(Kruskal-Wallis). P < 0.05 was considered signiﬁcant.
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3.1. Characterization of lymphocytes in white adipose tissues
We ﬁrst investigated whether white adipose tissues from 6 to
8 week-old male mice contained lymphocytes. Visual and his-
tological observations identiﬁed LNs only in ING fat deposits,
which were carefully dissected before digestion for further
analysis. LN was used as speciﬁc immune organ. Gate R1
was deﬁned according to three criteria: (1) absence of lympho-
cyte labelling outside the gate, (2) lymphocyte labelling inside
the R1 region, (3) by zooming, control of the lymphocyte size
and granularity according to the proﬁle of LN cells (Fig. 1A).
FACS analysis clearly revealed the presence of around 10% of
lymphocytes in the SVF fraction of white adipose tissues (Fig.
1B) signiﬁcantly higher than in muscle (<1%, not shown). This
corresponds to an average of, respectively, 5 · 104 and 6 · 104
cells per EPI and ING pads (non-signiﬁcantly diﬀerent be-
tween the two tissues). This proportion of lymphocytes to-
gether with the presence of macrophages confers a speciﬁc
immune phenotype to adipose tissues [5,8,9]. Such a proﬁle
supports (1) the notion that adipose tissues are complex tissues
with co-habitation of diﬀerent interacting immune cell popula-
tions [23] and (2) a putative role of adipose tissue in innate
immunity as has been described for liver [12].
To determine lymphocyte phenotype, immunohistochemis-
try and cytoﬂuorometry were performed. Immunohistochemi-
cal staining on (1) ING adipose frozen section clearly
demonstrated the presence of lymphocytes close to adipocytes
(not in LN and in vessel), (2) SVF cytospins revealed the pres-
ence of the main classes of lymphocytes (CD3+ T and CD19+
B cells) (Fig. 2). For cytoﬂuorometric experiments, cells wereFig. 2. Immunohistological analysis of lymphocyte populations. (A) ING froz
(CD3). (B) Cytospins from LN, EPI and ING adipose tissues labelled with
deposit following peroxidase reaction. Counterstain is hematoxylin.stained with a combination of antibodies to diﬀerentiate B
(CD19+MHCcII+), T non-NKT (CD3+NK1.1), NKT
(CD3+NK1.1+), and NK (CD3NK1.1+) cells (Fig. 3A). The
percentages of B and T non-NKT cells in the R1 gate were sig-
niﬁcantly lower in EPI than in ING fat pad and both were sig-
niﬁcantly lower than in LN (Fig. 3B). On the contrary, the
percentages of NK and NKT cells were signiﬁcantly higher
in EPI compared to ING and LN.
To further investigate the characteristics of T non-NKT
(NK1.1) lymphocytes by cytoﬂuorometry, we then used
anti-CD4, -CD8, -TcR-b and -TcR cd antibodies. The percent-
ages of CD4 positive cells (9.2 ± 4.1 for EPI, 11.6 ± 4.7 for
ING) and CD8 positive cells (7.6 ± 3.9 for EPI, 12.8 ± 4.5
for ING) were not signiﬁcantly diﬀerent between fat pads.
These amounts were signiﬁcantly lower than those determined
in LN (P < 0.02). ab and cd lymphocytes were present in adi-
pose tissue with a higher proportion of cd T lymphocytes in
EPI fat pad compared to ING fat pad and LN (Fig. 4A). Per-
centages of lymphocyte subsets within intra-tissular lympho-
cytes showed a more ancestral feature of the immune system
in fat pads than in LN (Fig. 4B) and blood (not shown and
[12]). As previously described for the liver [12], up to 70% of
all lymphocytes present in the normal EPI fat pad consist of
NK cells, T cells expressing cd T-cell receptor and NKT cells
(expressing ab T-cell receptor in our case). Less ancestral fea-
ture was seen for ING fat pad (about 30% NK, cd T and NKT
cells).
These data demonstrate that adipose tissues contain T cells
with phenotypes which diﬀer from those of other tissues. In-
deed, in blood and LNs, lymphocytes belong mainly to the
adaptive immune system, i.e., a majority of ab T cells with veryen section labelled with a puriﬁed IgG (Cont) or an anti-CD3 antibody
anti-CD3 or anti-CD19 antibodies. Dark precipitates indicate DAB
Fig. 3. Cytoﬂuorometric analysis of lymphocyte phenotypes in LN, EPI and ING adipose tissues. (A) Flowcytograms with diﬀerent combinations of
antibodies (CD19-PE, MHC cII-FITC, NK1.1-PE and CD3-FITC antibodies). (B) Box plots correspond to the percentages of B (CD19+MHCcII+),
T non-NKT (CD3+NK1.1), NKT (CD3+NK1.1+), NK (CD3NK1.1+) cells from the R1 gate (n = 6, \\ P < 0.02).
Fig. 4. Characterization of LN, EPI and ING T lymphocytes. (A) Box
plots correspond to the percentages of ab+NK1.1 and cd+ T cells
from the R1 gate and the percentages of cd+ cells among (ab + cd)
positive T (non-NKT) cells (n = 6, \ P < 0.05, \\ P < 0.02). (B) Distri-
bution of lymphocyte subsets among intra-tissular lymphocytes of LN,
EPI and ING pads.
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([12,13,18], our results). In contrast, in liver a predominant in-
nate immune system consisting of up to 65% of NK, NKT and
cd T cells has been described [12,18]. White adipose tissues spe-
cially epidipymal one, share common ancestral features with
hepatic immune cells such as levels of NK, NKT and cd T cells
(Fig. 4B). On the other hand, the ING immune system features
some of the adaptive characteristics, i.e., presence of LNs and
high levels of ab T and B cells compared with EPI fat pad. cd T
cells represent one of the most primitive type of T cells [13–15].
They are thought to represent an evolutionary and functional
bridge between the innate and adaptive immune systems
[24,25]. The role of cd cells has not been yet totally elucidated
but beside their protective immunity against infections and tu-
mors, immunoregulation is an emerging paradigm of their
function. For instance, in liver and mucosal surfaces, these T
cells have regulatory roles such as initiating or inhibiting
inﬂammation [15,17,26] and they contribute to macrophage
homeostasis [13,27]. Whether they play such roles in adipose
tissues remains to be elucidated.
As could be proposed for liver, the predominance of innate
lymphoid cells in adipose tissue suggests that it is a site of early
encounter of antigens where the innate immune system has an
important role. Moreover, it has been shown that NK cells,
NKT cells and cd T lymphocytes are involved in anti-tumor
immunity [12,28]. This might be related to the low rate of tu-
mor development in adipose tissue.
3.2. Changes in nutrient-induced obesity
To evaluate change in the adipose immune system during
obesity, we compared mice fed for 12 weeks with either a nor-
mal diet (9 mice, 3 experiments) or a HF diet (18 mice, 6 exper-
iments). Body mass was 26.7 ± 1.9 g for lean males and30.7 ± 2.1 g for males on the HF diet (P < 0.02). The weight
of adipose tissues was higher in HF than in lean mice
(952 ± 256 mg vs. 277 ± 61 mg for EPI; 583 ± 116 mg vs.
226 ± 28 mg for ING, respectively). The absolute numbers of
SVF cells were higher in EPI and ING pads from HF mice
but were not diﬀerent when expressed per g of tissue. The per-
centage of lymphocytes in both white adipose tissues was not
signiﬁcantly diﬀerent from lean and HF mice. The obese state
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NKT lymphocytes among cells of R1 gate in all tissues and no
activated lymphocyte was detected in the whole population
(data not shown). No diﬀerence was seen in the levels of
CD4 or CD8-positive cells between the two groups of animals
(data not shown). However, in EPI fat pad of HF diet mice,
the percentage of NK cells among cells of R1 gate was signif-
icantly decreased (Fig. 5). ab Lymphocytes were signiﬁcantly
decreased in ING fat pad and increased in LN from HF mice,
whereas cd positive cells and their percentages among T non-
NKT cells were signiﬁcantly increased in both ING fat pad
and LN (Fig. 5).
Although there was no change in the percentage of lympho-
cytes in obese animals, our data demonstrate a site-speciﬁc
modiﬁcation of T-cell phenotypes. Firstly, our observations
suggest that the NK cell content of EPI tissue may be nega-
tively associated with adiposity. Secondly, they suggest that
the cd cell content of ING tissue may be positively associated
with adiposity. Until recently, the role that cd cells play in the
immune system has been poorly understood. They may pro-
vide a primary defence in which they recognize auto-antigens
expressed by damaged, stressed or transformed resident tissue
cells [13,15]. They may also indirectly adjust the cytokine envi-
ronment and try to regulate the inﬂammation due to obesity
[8–10]. Because of the role of cd cells in macrophage homeosta-
sis [13,27], the increased percentage of the former in nutrient-
induced obesity could be related to and involved in the changes
in the number and activity (phagocytic and microbicidal) of
the latter [8,9].Fig. 5. Comparison of NK, TCR-ab+ and TCR-cd+ cell percentages in
the R1 gate and of percentages of TCR-cd+ cells among (ab + cd)
positive lymphocytes in LN, EPI and ING from mice fed normal diet
(9 mice, 3 experiments) or HF diet (18 mice, 6 experiments) (\ P < 0.05,
\\ P < 0.02).Lymphoid organs are representative of exclusive immuno-
logical function sites. Doherty and OFarrelly [12] have exten-
ded this deﬁnition to organs such as the liver, whose primary
function is not immunological but which often elaborate immu-
nological mechanisms to mediate their functions. In the light of
the present data, we propose to include white adipose tissues in
this deﬁnition. Since an integral understanding of fat demands
knowledge of the active and permanent interactions of the
diﬀferent cell types, it appears crucial that future research should
enable us to gain further insight into their respective roles.
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